Reduction with baker's yeast of ethyl or methyl 4-chloro-3-oxobutanoate in the presence of allyl bromide or allyl alcohol as additive afforded the corresponding L-and D-3-hydroxyesters. Several reduction conditions were tested, involving: different concentrations of additive; variations in the yeast/substrate ratio; the presence and absence of glucose; different preincubation periods; a range of temperatures. The best conditions gave a complete conversion of the substrate within 1-2 h and a very high enantioselectivity, 90-97% e.e., for the two enantiomers.
Introduction

Optically active L-(R)-and D-(S)-ethyl or methyl 4-chloro-3-hydroxybutanoate
are very useful chiral building blocks in the synthesis of pharmaceutical target compounds. For example, the L-enantiomer is an important chiral building block for the synthesis of (−)-macrolactin A, 1 L-carnitine 2 and (R)-γ-amino-β-hydroxybutyric acid (GABOB), 3 or can be converted into (+) negamicyn 4 or to a chiral 2,5-cyclohexadienone synthon. 5 On the other hand the D enantiomer is a key chiral intermediate in the enantioselective synthesis of slagenins B and C 6 and in the total synthesis of a class of HMG-CoA reductase inhibitors 7 or can be converted into a 1,4-dihydropyridine-type β-blocker. 8 Of the two enantiomers, the (S)-is the more common and more easily available, whereas (R)-is in greater demand yet less readily available. 9 The development of new, simple and economical methods of synthesizing the latter is therefore of overriding interest. Several synthetic routes have been developed to obtain both enantiomers, comprising asymmetric synthesis 2,10 and biocatalytic reduction, 8, 11 as well as a lipase catalyzed kinetic resolution through ammonolysis of racemic 4-chloro-3-hydroxybutanoate. 12 Biocatalytic reduction appears to have attracted most attention, several enzymatic systems having been studied with very good results, particularly for the (S) enantiomer. 8 
Results and Discussion
Reductions in the presence of allyl bromide. Yeast reduction, in water, of ethyl 4-chloro-3-oxobutanoate affords the corresponding hydroxy derivative in 14-55% e.e. for the D-(S)-enantiomer, depending upon the yeast/substrate ratio and in the presence of glucose. 15, 20 It is common knowledge that the poor enantiomeric excess observed is because baker's yeast contains at least seven enzymes which are able to reduce the substrate following opposite stereochemical routes. 8 The predominant activity among these enzymes has been associated with a fatty acid synthetase complex isolated from yeast which reduces beta-ketoesters to D-(S)-carbinols. 21 When allyl bromide is added to yeast reductions of beta-ketoesters, 16, 18 it is seen to strongly suppress D-enzyme activity until carbinols with L-stereochemistry are obtained. We started therefore by reducing 1 according to the reaction conditions previously reported and which gave best results of conversion and e.e. for L-(R) methyl 4-chloro-4,4-difluoro-3-hydroxybutanoate. 18b In these reaction conditions, namely, 0.5 mmole substrate, 1.4 g of yeast,
of allyl bromide and 0.75 g of glucose (Entry 1, Table 1 ), we obtained the interesting result of 80% substrate conversion with 64% e.e. for the L-(R)-enantiomer of the hydroxyester. Allyl bromide thus confirmed its capacity to strongly suppress the activity of D-enzymes that are involved in the reduction of 4-halogenated-3-oxobutanoates.
Since the conversion was not complete, we studied the effect of the yeast/substrate ratio (Entries 2 and 3, Table 1 ) in order to obtain a 100% conversion. 22 A 100% conversion together with 83% e.e. was obtained with 5.6 g of yeast for 0.5 mmol of substrate and glucose. With this yeast/substrate ratio we carried out the reduction in the absence of glucose 22 and we also studied the effect of varying the concentration of allyl bromide from 3 to 6 g l −1 (Entries 4-7). Although, in the absence of glucose, total conversion and 77% e.e. for the L-isomer was observed with 3 g l −1 of additive, the best result for e.e. (86%) was achieved with 4 g l −1 of allyl bromide, while higher concentrations of the additive reduced the conversion without affecting the enantiomeric excess (Entries 6-7). When reduction corresponding to Entry 5 was repeated on the scale of 3 mmol we did not obtain total conversion of the substrate at once; therefore, to achieve 100% conversion we increased the yeast/substrate ratio and also the amount of water (4x, Entry 8). We observed the total transformation of the substrate after 1 h together with 88% e.e. (mean value of four reductions). In view of the observation reported in ref. 17 , namely, that the highest enantiomeric excesses of ethyl L-(R)-4-chloro-3-hydroxybutanoate are obtained when the concentration of the oxo-ester is kept low by slow addition of the substrate, reduction Entry 8 was repeated, but adding the substrate in five steps over a period of one h. We obtained the best result for the Renantiomer of 97% e.e. and 98% conversion after 2 h (Entry 9). The approach with this additive was the same as with allyl bromide. We started by applying the conditions of Entry 1 with allyl alcohol (3 g l −1 ) as additive (Entry 10, Table 2 ). In this case, in line with the literature, only 30 min of pre-incubation time was allowed before adding glucose and substrate. The D-enantiomer was obtained in 75% e.e. and with 83% conversion. Table 3 ). These results confirm an optimal working temperature for yeast of 30 °C, corresponding to 100% conversion and 91% e.e.
Reductions
In conclusion, our findings relating to the effect of allyl alcohol in the yeast reduction of ethyl 4-chloro-3-oxobutanoate gave a maximum e.e. of 91% for the D-hydroxy-ester; this suggests that the additive is unlikely to be able to suppress the activity of all the L-enzymes. Nevertheless, the present result compares well with that already reported:
23a the e.e. is somewhat better (91% vs., 87-90%), and it is achieved without glucose, thereby avoiding problems connected with fermentation, such as higher volumes and the presence of by-products; moreover, in these conditions total conversion was reached after two hours.
Reduction of methyl 4-chloro-3-oxobutanoate. In order to assess the effect of additive in relation to the entity of the ester function, the optimal reduction conditions, without glucose, were also checked in the reduction of methyl 4-chloro-3-oxobutanoate without additive and together with allyl alcohol or allyl bromide. It has been reported that, in the absence of additive, the D-enantiomer is the one preferentially formed, corresponding to a decrease in size of the ester grouping of 4-chloro-3-oxobutanoates. 20 Our results, reported in Table 4 , show that the expected trend was not observed: the D-enantiomer, obtained in the presence of allyl alcohol, was recovered in only 72% e.e. whereas, in the presence of allyl bromide, the same interesting result was obtained as on the ethyl derivative, i.e., the L-enantiomer was obtained in 96% e.e. with 100% conversion. 
Conclusions
We studied baker's yeast reduction of ethyl-and methyl 4-chloro-3-oxobutanoate in the presence of the additives allyl bromide and allyl alcohol. A very good stereochemical control was obtained in the reduction that gave in turn L-or D-enantiomer with total conversion of the substrate and with 96-97% and 72-91% e.e., respectively. The 100% conversion was obtained without adding glucose and in a very short time (1-2 h). It is worth pointing out that very high e.e. for the (R)-L-enantiomer in reducing 4-chloroacetoacetate with bakers' yeast has previously been obtained only with purified L-enzymes 21a or with yeast in particular growing conditions. 17 Moreover, yeast reduction to the (R)-L-enantiomer was carried out with the recovery of the purified product which was obtained in 75% chemical yield.
Experimental Section
General Procedures. Fresh baker's yeast from FALA, Strasbourg, was purchased locally. Ethyl and methyl 4-chloro-3-oxobutanoate were purchased from Fluka; allyl bromide and allyl alcohol were purchased from Merck; commercially available glucose was used. Reduction conditions. The reductions were carried out on 0.5 mmol of substrate following the simple procedure described here. 18b Baker's yeast was suspended in distilled water in a 4x
volume Erlenmeyer flask and additive was added. The mixture was kept at 30 °C in an incubator and shaken with a magnetic stirrer for two h with the allyl bromide additive, and for 0.5 or 1 h with the allyl alcohol additive (the flask being capped with cotton-flock). Thereafter, the substrate 1a and glucose, if included, were added and the suspension was stirred again at 30°C. The conversion was checked directly by GLC on the water suspension of a centrifuged sample every 15 min and we observed that maximum conversion is reached within one or two h; longer reaction times led to the formation, in small quantities, of several by-products. The reaction mixture was then centrifuged, the yeast washed with water and the total water phase extracted with ethyl acetate; finally, it was dried over MgSO 4 , concentrated in vacuo and examined for final conversion and enantiomeric excess. When the reduction was repeated on 3 mmol of substrate with allyl bromide as additive, we observed a drop in conversion. So we started with an increased yeast/substrate ratio (x4) in a correspondingly increased volume of water in order to maintain a constant yeast/additive ratio. After two h pre-incubation the suspension was centrifuged, the recovered yeast suspended in a ¼ volume of supernatant and the substrate added. Within one or two h, at 100% conversion, the reaction mixture was worked up as described above. Moreover, in the reduction of Entry 9, Table  1 , the substrate (3 mmole) was added in five steps at 10 min intervals, and, after total conversion, the product was recovered as described above. The organic extracts were dried over MgSO 4 , filtered and concentrated in vacuo. The crude extract was chromatographed on silica gel, diethyl ether/methylene chloride 1:4 as eluent, the product being recovered in 75% yield. After distillation (boiling point 47-50 °C at 0.3 mmHg), the recovered hydroxyester 2a displayed 97% enantiomeric excess by GLC and [α] D = +19.7 (c = 1.62, CHCl 3 
